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Abstract 
This paper deals with the control of nonlinear vibrations of smart sandwich shallow shells using active fiber composites. For this 
purpose, a finite element model is developed for the sandwich shells integrated with the patches of active constrained layer 
damping treatment. The constraining layer of the patch is considered to be ofactive fiber compositematerial.Five sets of 
displacement fields describing the kinematics of deformation and satisfying the boundary conditions are used along with the Von 
Kármán nonlinear strain-displacement relations.To model the constrained viscoelastic layer of the patch,Golla–Hughes–
McTavish method is used. Sandwich shallow shells with symmetric laminated faces are considered for presenting the numerical 
results.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Recently, Piezoelectric composite materials have emerged as a new class of smart materials and find wide 
applications as distributed actuators and sensors of the smart structures with self-monitoring and self-controlling 
capabilities. In the piezoelectric composites, the reinforcements are made of the piezoelectric materials while the 
matrix is the conventional epoxy and these composites provide wide range of effective material properties. Active 
fiber composite is one such material developed by Bent and Hagood(1997) where piezoceramicfibers are 
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horizontally aligned in the plane of the lamina while the fibers are poled along their length. The distributed actuator 
made of these composites has high in-plane actuation authority along the fiber direction. Again for the efficient and 
reliable active control of thin flexible smart structures,the concept of active constrained layer damping (ACLD) 
treatment was developed (Baz. 1996). 
These days, Sandwich structures with fiber-reinforced composite face sheets and soft low strength core are being 
increasingly used in different engineering applications. Sandwich shallow shells are composed of two thin face 
sheets and a thick flexible core (Altenbach et al., 2004). The moment of inertia of the structure increases substantially 
by the separation of the face carriers from the core (Saha et al., 2007). Flexible composite and sandwich structures 
are prone to undergo large amplitude vibrations due to very low internal damping. Extensive studies on the large 
amplitude free vibrations of orthotropic laminated composite and sandwich structures using approximate analytical 
and finite element methods have been reported by many researchers (Mallikarjuna and Kant, 1990, Margaretha et al., 2000, 
Gaoand Shen, 2003, Sarangi and Ray, 2012, Khandelwal et al., 2013, ,). So far, no work is available till today concerning the 
use of active fiber composites for the Control of Nonlinear Vibrations of Sandwich Shallow Shells. 
In this paper, the authors intend to investigate the performance of active fiber composites for smart damping of 
geometrically nonlinear transient vibrations of thin composite sandwich shallow shells. A three dimensional finite 
element model has been developed for the sandwich shells integrated with the ACLD patches. For time domain 
analysis, the viscoelastic layer is modeled using Golla-Hughes-McTavish (GHM) method which is a time domain 
approach. Symmetric laminated faces are considered for presenting the numerical results.  
2. Finite element model 
 
Fig.1. Schematic representation of smart composite sandwichshallow shell. 
Figure 1 illustrates a composite sandwich shallow shell composed of ࡺ number oflayers.The top surface of the 
top face of the sandwich shell is integrated with the patches of the ACLD treatment. The constraining layer of the 
ACLD treatment is made of the active fiber composite material and the constrained layer of the treatment is made of 
a viscoelastic material. Since the elastic properties of the adjacent continua of the overall structure differ in orders, a 
single displacement theory cannot be used to describe the kinematics of deformations of the overall structure and 
thus five sets of displacement fields describing the kinematics of deformation and satisfying the boundary conditions 
are used. 
The generalized displacement variables are grouped into translational {dt}and rotational {dr}variables as  ^ ` > @Tt wvud 000  ^ ` > @Tzyxzyxzyxzyxzyxrd JJJEEEDDDIIITTT (1) 
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The state of strains at any point in the overall shell is represented by the two vectors ^ `bH and ^ `sH and are given 
by 
^ ` Tb x y z xyH H H H Hª º ¬ ¼ and^ ` Ts xz yzH H Hª º ¬ ¼ (2) 
The corresponding state of stresses is expressed as,   
^ ` Tb x y z xyV V V V Vª º ¬ ¼ and^ ` Ts xz yzV V Vª º ¬ ¼  (3) 
The constitutive relation for the materials of the different layers of the top and the bottom face of the sandwich 
shallow shell are given by ^ ` ^ `k k kbb b ttt c HV ª º ¬ ¼ , ^ ` ^ `k k kbb b bbb c HV ª º ¬ ¼ , ^ ` ^ `k k kss s ttt c HV ª º ¬ ¼ , ^ ` ^ `k k kss s bbb c HV ª º ¬ ¼
1,2,3,...,k N           (4) 
while that of the flexible core are expressed as 
^ ` > @ ^ `b b bc c cCV H and^ ` > @ ^ `s s sc c cCV H (5) 
The constitutive relations for the constraining active fiber composite layer compatible with the present method of 
finite element formulation are given by (Ivanov, 2011) 
^ ` ^ ` ^ `k k k kb b b b xC e EV Hª º ¬ ¼ , ^ ` ^ `k k ks s sCV Hª º ¬ ¼ and ^ ` ^ ` 11Tk kx b b xpD e EH H   (6) 
The material of the viscoelastic layer is assumed to be linearly viscoelastic and isotropic. The present study is 
concerned with the analysis of the shallow shell integrated with the patches in the time domain and the viscoelastic 
material is modeled by the Golla-Hughes-McTavish (GHM) method. In the time domain, the constitutive equation 
for the viscoelastic material is represented as (Margaretha et al., 2000) 
^ `   ^ ` WW
HWV dtG VstVs w
w ³0 (7) 
Principle of virtual work employed to derive the governing equations of the overall system can be written as  
 
^ ` ^ ` ^ ` ^ ` 
1 k
N T Tk k k k k
b b s sb b b b
k
dG H V G H V
 :
 :¦ ³ + ^ ` ^ ` ^ ` ^ ` 
1 k
N T Tk k k k k
b b s st t t t
k
dG H V G H V
 :
 :¦ ³  
+ ^ ` ^ ` ^ ` ^ ` T Tb b s sc c c c dG H V G H V
:
 :³ + ^ ` ^ ` ^ ` ^ ` T Tb b s sv v v v dG H V G H V
:
 :³  
+ ^ ` ^ ` ^ ` ^ ` T Tb b s sp p p p dG H V G H V
:
 :³ - ^ ` ^ `Tt
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1 k
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t t
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d d dG U
 :
:¦ ³ =0 
            (8) 
where, [f] is the externally applied surface traction vector acting over a surface area A,  Ωk(k=1,2,3,...)representsthe 
volume of the concerned layer, ρkis the mass density of the kth layer and δ  is the symbol of first variation. 
The overall shell has been discretized by eight nodedisoparametric quadrilateral elements. By suitable substitution, 
the governing equations of motion of an element are obtained and the elemental governing equations are assembled 
in the straight forward manner into the global space to obtain the global equations of equilibrium. 
After applying the boundary conditions and using Laplace transformation the global equations of motion in time 
domain are derived as  
> @^ ` > @^ ` > @^ ` ^ ` ^ `pM X C X K X F F V         
 (9) 
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To apply the control voltage for activating thepatches, velocity feedback control law is used and is given as follows: > @^ `XUKwKV jjdjdj            (10) 
in which ࡷࢊ࢐  is the control gain for the ࢐࢚ࢎpatch and ሾࢁ࢐ሿ is a unit vector defining the location of sensing the velocity 
signal that will be fed back to this patch. Finally, substituting Eq.(10) into Eq.(9), the equations of motion governing 
the closed loop dynamics of the substrate shell are obtained as  
> @^ ` > @^ ` > @^ ` ^ `**** FXKXCXM d            (11) 
where,   ሾ࡯ࢊכሿis anactive damping matrix. 
3. Numerical Results and Discussion 
The material properties of the core and the face sheets of the example problem are considered as follows: 
Core: E1=E2=E3=0.10363 GPa,G12=G13=G23=0.05 GPa, ,  
Facings: E1=131 GPa, E2=E3=10.34 GPa,G12=G13=6.895 GPa, G23=6.205 GPa, , 
.The effective elastic and piezoelectric coefficients of the active fiber composite and the various 
material properties of the viscoelastic material are available (Kar-Gupta. and Venkatesh, 2007, Mc Tavish and Hughes, 
1993). The thicknesses of the constraining layer, the constrained viscoelastic layer and the shell are considered as 250 
μm, 200 μm and 3 mm respectively while the aspect ratio of the shell is taken to be 100. The simply supported 
boundary conditions SS1 (Reddy, 1997) at the edges of the overall shell are considered for evaluating the numerical 
results.  
Following the approach by Lim et al. (2002), first the validity of the GHM method for modeling theviscoelastic 
layer of the ACLDtreatment is checked. Figure 2 shows the frequency response functions computed by using the 
GHM method and the conventional complex modulus approach for the transverse displacement of a simply 
supported cylindrical sandwich shell(00/900/00/core/00/900/00), when a time-harmonic load of 1 N is considered to 
excite the first few modes of the substrate.  It may be clearly observed from Fig. 2 that the frequency response 
curves obtained by the two approaches are almost indistinguishable. Thus the GHM method of modeling the 
viscoelastic material accurately predicts the damping characteristics of the overall shell.  
 
Fig. 2.  Linear frequency responses for center deflection of a simply supported substrate sandwich 
shell(00/900/00/core/00/900/00) obtained by the GHM method and complex modulus approach. 
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Now, the open- and closed-loop behavior of the substrate shell are studied by the time responses for the transverse 
deflection at the centre of the shell. A uniformly distributed transverse pulse load is applied to set the overall shell 
into motion. For the purpose of computing the nonlinear transient responses, the magnitude of applied pulse load is 
considered in such a way that the maximum value of non-dimensional centre deflection (w/h)is much higher, 
resulting substantial nonlinearity in the uncontrolled response.  
 
 
 
Fig. 3. Nonlinear transient responses of a simply supported sandwich shell (00/900/00/core/00/900/00). 
 
 
Fig. 4.  Voltage requirements for the control of nonlinear transient vibrations of simply supported 
(00/900/00/core/00/900/00)substrate sandwich shell. 
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The control voltage applied to each patch is negatively proportional to the velocity of the midpoint of the free edge 
of patch. The control gain is chosen arbitrarily such that the nonlinear vibrations are under control. Figure 3 
illustrates the nonlinear transient responses for a simply supported sandwich shell with HEREX core separated by 
graphite epoxy three layered laminated composite facings (00/900/00/core/00/900/00).Displayed in this figure are 
the responses when the patches are passive (gain=0) and active (gain 0z ). It is evident from this figure that the 
active patches composed of active fiber composite constraining layer have a significant effect on the control of 
nonlinear transient vibrations and improve the damping characteristics of the overall shell over the passive damping. 
The control voltage corresponding to the gain used is quite nominal as shown in Fig. 4. Since the control voltage is 
proportional to the velocity of the point on the shell, the illustration of the control voltage in Fig. 4 indicates that the 
velocity at any point of the overall shell also decays with time. The phase plot presented in Fig. 5 also corroborates 
this indicating the stability of the shell. 
 
 
Fig. 5.  Phaseplot of a simply-supported (00/900/00/core/00/900/00)substrate sandwich shallow shell. 
4. Conclusions 
In this paper, three dimensional finite element analysis has been carried out to investigate the performance of 
active fiber composite as the candidate material for the constraining layer of the ACLD patches for controlling 
geometrically nonlinear vibrations of thin composite sandwich shallow shells. Five sets of displacement fields 
describing the kinematics of deformation and satisfying the boundary conditions are used. The viscoelastic layer is 
modeled by using the GHM method. A simple velocity feedback control loop is used to introduce active damping. 
Numerical results are presented for the sandwich shells having symmetric face sheets. The numerical results 
demonstrate the use of active fiber composite in achieving the smart damping to suppress the geometrically 
nonlinear transient vibrations of the shell effectively.  
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